IntroDuctIon
In mammalian genomes, 5mC is important for biological processes such as imprinting 1 , silencing of genes 2 , transposons 3 and chromosomal stability 4 . The recently discovered Fe(II) and 2-oxoglutaratedependent dioxygenase 'TET' family of enzymes (TET1, TET2 and TET3 in humans) are capable of oxidizing the methyl group of 5mC to 5hmC 5, 6 , a base that is now known to be present at significant levels in mammalian genomes [5] [6] [7] [8] [9] . 5hmC has several known biological properties that distinguish it from 5mC. During DNA replication, DNMT1 maintains symmetrical CpG methylation at sites across from 5mC but not 5hmC 10 , implying that Tet-mediated hydroxymethylation at CpGs could induce passive DNA demethylation. Methyl-CpG binding (MBD) domains, which are present on a number of proteins that induce repressive chromatin states (MeCP2, MBD1, MBD2), bind methylated CpGs but do not recognize 5hmCpGs efficiently 11, 12 . Finally, Tet proteins can further oxidize 5hmC to 5-formylcytosine (5fC) and 5-carboxycytosines (5caC) 9, 13, 14 , which in turn can be removed by the DNA glycosylase TDG and potentially replaced with cytosine as part of a 'DNA demethylation' pathway 14, 15 . Tet1 and Tet2 are highly expressed in mouse embryonic stem (ES) cells (mESCs), and they regulate lineage specification upon ES cell differentiation 16 . Expression levels of Tet1 and Tet2, as well as the total amount of 5hmC in the genome, drop sharply upon differentiation of mouse ES cells 16 . TET2 is a tumor suppressor mutated in ~20% of human myeloid malignancies 17 and in a smaller percentage of lymphoid malignancies 18 , and Tet2-deficient mice show expansion of the hematopoietic stem/progenitor cell compartment and develop cancers similar to human chronic myelomonocytic leukemias [18] [19] [20] [21] . Furthermore, 5hmC expression levels are markedly lower in bone marrow samples from myeloid cancer patients with somatic TET2 mutations, compared with bone marrow from healthy controls 22 . 5hmC is also decreased in breast, prostate and colon cancer samples compared with normal cells, further suggesting a link between the amount of 5hmC and cancer 23 . Tet3 is essential for demethylation of the male pronucleus in fertilized mouse zygotes 24, 25 , and Tet3-deficient mice show neonatal lethality 25 .
In light of the many biological roles of Tet proteins and 5hmC, it is important to be able to reliably map 5hmC in the genomic DNA of various cell types and to correlate its presence or absence with gene expression or other genomic events. Here we present an anti-5hmC mapping technique that relies on converting 5hmC to the modified base CMS, and then precipitating with the antibody against CMS. In the accompanying protocol in this issue, we introduce a combined enzymatic and chemical technique, called glucosylation, periodate oxidation and biotinylation (GLIB), for mapping 5hmC 26 . As discussed below, both methods are superior to antibodies against 5hmC in sequencing applications 27 . Sodium bisulfite sequencing is commonly used to distinguish cytosine and 5mC. Cytosine reacts with sodium bisulfite and undergoes deamination to uracil, whereas reaction and deamination of 5mC is roughly 100 times slower 28, 29 . Therefore, after subsequent PCR and sequencing, cytosine is read as 'T' and 5mC as 'C' 30 . In contrast, 5hmC reacts efficiently with sodium bisulfite to yield a distinct adduct, CMS 29 . CMS is read as 'C' during sequencing (Fig. 1) , and is therefore indistinguishable from 5mC under the standard bisulfite protocol 12, 31 . However, we anticipated that the bulky, negatively
The anti-CMS technique for genome-wide mapping of 5-hydroxymethylcytosine 5-hydroxymethylcytosine (5hmc) is a recently discovered base in the mammalian genome, produced upon oxidation of 5-methylcytosine (5mc) in a process catalyzed by tet proteins. the biological functions of 5hmc and further oxidation products of 5mc are under intense investigation, as they are likely intermediates in Dna demethylation pathways. Here we describe a novel protocol to profile 5hmc at a genome-wide scale. this approach is based on sodium bisulfite-mediated conversion of 5hmc to cytosine-5-methylenesulfonate (cMs); cMs-containing Dna fragments are then immunoprecipitated using a cMs-specific antiserum. the anti-cMs technique is highly specific with a low background, and is much less dependent on 5hmc density than anti-5hmc immunoprecipitation (Ip). Moreover, it does not enrich for ca and ct repeats, as noted for 5hmc Dna Ip using antibodies to 5hmc. the anti-cMs protocol takes 3 d to complete. Top, bisulfite-mediated deamination of cytosine to uracil (U) at high pH. Middle, 5mC remains as 5mC during bisulfite conversion because of the slow reaction rate. Bottom, bisulfite quickly converts 5-hydroxymethylcytosine to form CMS. This adduct does not readily undergo deamination.
charged CMS adduct would be highly immunogenic. The CMSspecific antiserum generated by our laboratory and used in this protocol is of high titer and is very specific for CMS, and it does not cross-react with unmodified, methylated or hydroxymethylated DNA (Fig. 2a) 
22
. This antibody will be commercialized soon, and currently it can be obtained from our laboratory by request.
Techniques for enrichment of a given target are said to be 'density dependent' if they are more efficient in precipitating molecules that contain a high (rather than a low) spatial concentration of the target in question. For example, available 5mC-specific antibodies are markedly more efficient in precipitating DNA fragments of a given size that contain ten 5mCs instead of one, and are therefore density dependent 12, 32 . Density dependence has both advantages and disadvantages. A highly density-dependent method for 5mC precipitation will enrich methylated CpG islands to the exclusion of the rest of the genome. A method that efficiently precipitates a single 5mC will not distinguish between regions of dense and sparse methylation, which is a serious problem considering that 5mC is very widespread in vertebrate genomes 33 . It is not inherently obvious what the 'right' level of density dependence is for the precipitation of a given target. When considering 5hmC, however, a key consideration is the scarcity of the 5hmC mark relative to 5mC. In hematopoietic organs and cells, 5hmC is found at only 1-3% the amount of 5mC 9, 22 , even though Tet2 is important for hematopoietic cell development 21, 22 . We therefore considered it important that the 5hmC precipitation methods efficiently precipitate sparsely hydroxymethylated DNA.
To test the efficiency of both GLIB and anti-CMS IP methods in 5hmC recognition and precipitation, we generated PCR products containing varying ratios of cytosine and 5hmC to simulate DNA containing high or low concentrations of 5hmC. The polyclonal antibodies we raised against CMS are in fact more sensitive and specific than any 5hmC-specific antibodies we have generated or tested. They were more sensitive and less density dependent in dot-blotting applications 22 ( Fig. 2b) . Precipitation efficiency of the different 5hmC pull-down techniques is described in Pastor et al. 27 ( Fig. 2c) . Briefly, the antibody against CMS did have some density dependence and incomplete pull-down (20% precipitation of a singly hydroxymethylated oligo 70% pull-down of a heavily hydroxymethylated oligo) but also very low background (0.1% pull-down of methylated or unmethylated DNA) 27 ( Fig. 2c) . Anti-CMS therefore precipitated a DNA fragment with one 5hmC ~200 times as efficiently as a fragment with no 5hmCs. The commercially available Active Motif 5hmC-specific antibody showed inferior performance (2-3% background pull-down, 30% pull-down of a single 5hmC, 80% pull-down of a heavily hydroxymethylated PCR product) and, in our hands, was sensitive to even slight changes in the precipitation protocol (W.A.P., Y.H. and A.R., unpublished observations).
Box 1 | Optimization of CMS-IP conditions • tIMInG 2 d
prepare Dna oligonucleotides containing different amounts of 5hmc • tIMInG ~8 h 1. Generate a 201-bp DNA oligonucleotide using PCR (DNA sequence and primer information is listed in Fig. 5 ). 5hmC-containing oligonucleotides are generated by replacing dCTP with hmdCTP; oligonucleotides containing different ratios of 5hmC and C are made using different ratios of dCTP to hmdCTP (The dCTP to hmdCTP ratio is listed in table 1 ). Note that other ~200-bp amplicons containing 5hmC can be used for this application as well. 2. Set up the PCR using the following recipe and program. 
P] is a radioactive material. Radiation should be handled carefully and only after training, according to rules set by the facility at which the experiments are conducted. 6. Remove unincorporated ATP [γ-
32 P] by processing through a G50 Illustra MicroSpin column (GE Healthcare), according to the manufacturer's instructions.  pause poInt DNA can be stored at − 20 °C for 2 weeks, but as γ-
32
P has a half-life of 2 weeks, sensitivity will drop as the DNA is stored. Applied to genomic DNA, both the GLIB and anti-CMS methods show higher degrees of total pull-down when applied to samples with large amounts of 5hmC (HEK293 cells expressing TET1), less pull-down from an endogenous source containing an intermediate level of 5hmC (mESCs) and still less pull-down when applied to a DNA source almost entirely lacking 5hmC (HEK293 cells; Fig. 3) .
The GLIB and CMS methods were applied to map 5hmC in mESCs, and 5hmC-enriched regions of the genome (termed HERGs) were identified. Even though only ~5% of the genome was defined as 5hmC enriched, roughly 80% of GLIB and CMS HERGs overlapped and all biologically relevant trends were almost identical in the GLIB and CMS data sets. The primary difference was that the CMS HERGs were on average slightly smaller than GLIB HERGs (1,168 bases versus 1,422 bases), probably because smaller DNA fragments were used in the CMS as compared with the GLIB sequencing (200-bp average fragment size for CMS versus 300 bp for GLIB). In summary, the two techniques have strongly cross-validated each other 27 . The performance of anti-5hmC mapping studies has been spottier. When data from multiple studies [34] [35] [36] [37] were analyzed independently, pull-down with the 5hmC-specific antibody yielded low signal over background compared with the anti-CMS and GLIB methods 38 . In addition, the antibody against 5hmC showed substantial enrichment for areas immediately adjacent to CA and CT repeats. Although it is possible that these reflect real deposits of 5hmC, CA and CT repeats do not contain substantial amounts of 5mC, and the peaks are probably an artifact arising from an ability of the antibody against 5hmC to precipitate regions rich in unmodified cytosine. The GLIB and anti-CMS methods do not produce enrichment at these repeats 38 .
Formyl and carboxycytosine are unlikely to be identified by the CMS technique: they would not be predicted to form the CMS adduct 14, 39 , and moreover they are relatively rare bases in genomic DNA from ES cells and other cells/organisms 9 . Recently, three methods have been developed for identification of 5hmC at a single-base resolution. The first method, developed by Song et al. 40 , involves the addition of large covalently attached adducts to 5hmC using 'click' chemistry. The adducts stall DNA polymerase during replication, and the delay can be measured, thereby identifying sites of hydroxymethylation. This method requires the use of a Pacific Biosciences STS instrument, which cannot yet be used to measure modification in mammals. The other methods rely on the critical observation that 5mC and 5hmC are read as 'C' in bisulfite sequencing, whereas cytosine, 5fC and 5caC are deaminated and read as 'T'. The second method, developed by Booth et al. 39 , entails oxidation of 5hmC to 5fC using KRuO 4 . Sodium bisulfite sequencing is performed on the same sample before and after KRuO 4 treatment: 5hmC is read as 'C' before treatment and 'T' after treatment, whereas other bases are unaffected, thus allowing quantification of 5hmC at a given site. The third method involves protection of 5hmC by glucosylation with β-glucosyltransferase (BGT), followed by oxidation of all 5mC to 5caC using a high concentration of recombinant Tet protein 41 . Upon subsequent bisulfite treatment, only 5hmC bases will resist deamination and will therefore be identifiable. Although these latter two methods are broadly applicable and can be used on most sequencing platforms, they require a very high read coverage to identify the rare 5hmC base, making them prohibitively expensive for most applications at present.
Box 1 | (continued)
9. Mix the denatured DNA mixture with TE buffer, 50 µl of 10× IP buffer and various amounts of CMS-specific antiserum to yield a total volume of 500 µl, and incubate at 4 °C for 2 h. 10. For each reaction, preincubate various amounts of protein G beads with PBS-BSA twice for 10 min, resuspend in an equal volume of 1× IP buffer and add to the DNA and antibody mixture and incubate at 4 °C for 2 h or overnight. 11. Spin the mixture briefly and put on a magnet for 3 min. Transfer 20% of the clear supernatant to a new tube and remove the rest of the clear supernatant. 12. Add 500 µl of 1× IP buffer to the beads and rotate at 4 °C for 5 min. 13. Repeat Steps 11 and 12 twice. 14. Transfer 20% of unbound supernatant and washes into scintillation vials and transfer the beads to another scintillation vial. 15. Count the radioactivity using a scintillation counter and calculate the IP efficiency based on the counts per minute (c.p.m.)from unbound and bound fractions (measured IP)/(measured IP + 5× measured pooled supernatant and washes).  crItIcal step Measured c.p.m. tend to drop as beads settle in the scintillation counter, and thus vials must be inverted repeatedly before counting in order to ensure accuracy. In our published analysis, we used bisulfite-treated input DNA as a control for anti-CMS IP. Two other negative controls are possible. For experiments in mouse systems, anti-CMS IP can be undertaken with Dnmt1 − / − , Dnmt3a − / − and Dnmt3b − / − ES cells, which do not contain 5hmC 35 . Alternatively, although we have not yet tested this, anti-CMS IP could be undertaken with DNA that has been treated with recombinant BGT 42 . Glucosylation of 5hmC by BGT would be expected to block conversion to CMS and eliminate pull-down with the CMS-specific antibody.
The CMS method has drawbacks that must be understood before use. The CMS technique relies on bisulfite conversion of DNA. To achieve efficient bisulfite conversion, DNA must be well sheared and dissolved. In addition, special mapping algorithms must be used to map the lower-complexity bisulfite-treated genome 43 . Moreover, to eliminate PCR bias, it is also essential to sequence the bisulfite-treated input DNA (before IP), which is used for normalization of the reads from the CMS-IP DNA during bioinformatics analysis. A meta-analysis by Matarese et al. 38 showed that input bisulfite-treated DNA showed an apparent enrichment at CGI promoters; this is probably because more PCR bias is introduced in a less-complex AT-rich genome (3 bases) compared with a normal genome (4 bases). It is strongly recommended that new users perform quick validation with synthetic substrates to confirm efficient precipitation before undertaking expensive sequencing of genomes (Box 1).
Experimental design
Genomic DNA is isolated from cells or tissues and sheared using a Covaris Adaptive Focused Acoustics (AFA) instrument. The anti-CMS method is then implemented as described below. In the anti-CMS method, unmodified lambda DNA should be added to the genomic DNA before treatment with sodium bisulfite, as a control to determine C to T conversion efficiency; meanwhile, an input sample should be used to serve as a background for anti-CMS IP. More strictly, genomic DNA sequentially treated with BGT, sodium bisulfite and CMS-IP can be used as a pull-down background as well because glucosylation masks 5hmC.
As the CMS-specific antiserum we have used is a rabbit polyclonal antiserum, an optimization step is required for each new batch of the antibody to control for variations in the antiserum obtained from different animals. This optimization step is described in Box 1 (see also An overview of the working procedure is shown in Figure 6 . At least two biological replicates are recommended to obtain statistically significant results.
5′-3′--5′ -3′
Underlined bases are primer annealing regions 2| Dilute 10 µg of genomic DNA into 100 µl of TE buffer and transfer it to a Covaris microtube (6 × 16 mm). For CMS-IP, spike in 50 ng of unmethylated lambda DNA to check bisulfite conversion efficiency.  crItIcal step The DNA input amount can be increased or decreased. The ratio of genomic DNA to unmethylated lambda DNA should be kept at 200:1.  crItIcal step If the amount of DNA is increased, shear no more than 10 µg of DNA at a time.
MaterIals

REAGENTS
3|
Shear genomic DNA in a microtube using Covaris AFA, according to the manufacturer's instructions. The target fragment size depends on the sequencing platform and application. For CMS-IP on the Illumina sequencing platform, the recommended target fragment size is 200 bp.
4|
Size selection can be performed in two ways: by using AmpurXP beads (option A) or by gel extraction (option B) (both methods are equally recommended). (ix) Wash the beads three times with 200 µl of 70% (vol/vol) ethanol without disturbing the beads. IP buffer, 10× IP buffer contains 100 mM sodium phosphate (pH 7.0), 1.4 M NaCl and 0.5% (vol/vol) Triton X-100. Proteinase K digestion buffer Proteinase K digestion buffer contains 50 mM Tris-HCl (pH 8.0), 10 mM EDTA and 0.5% (wt/vol) SDS.
•
Remove the 70% (vol/vol) ethanol carefully. Take the tubes containing the beads off the magnets and spin briefly in a minicentrifuge. (xi) Place the tubes containing the beads back onto the magnets again for 1-2 min until all the beads migrate to the wall of the tube. (xii) Remove residual ethanol carefully using P20 pipette tips and dry the beads at room temperature for < 3 min. (xiii) Remove the tubes containing the beads from the magnets, resuspend the beads in 30 µl of nuclease-free water, soak the beads for 2 min and then resuspend them by vigorously pipetting more than 20 times. (xiv) Incubate the beads at room temperature for 5 min, and then apply them to the magnets again for 3 min. 
cMs-Ip
The PROCEDURE describes the preparation of DNA libraries using the Illumina paired-end library sample preparation kit with methylated adapters. However, CMS-IP for high-throughput sequencing also can be used on other similar sequencing platforms. For example, to perform CMS-IP on SOLiD platform, use the SOLiD library preparation kit and methylated adapter provided by Applied Biosystems, and then perform CMS-IP and sequencing as described in Steps 5-41.
All the experiments are performed using DNA LoBind 1.5-ml microtubes. ? troublesHootInG 6| Clean up the reaction using the Qiagen MinElute PCR cleanup kit according to the manufacturer's instructions and elute twice in 16 µl of elution buffer.
7|
Set up a reaction to add 'A' overhangs to the DNA fragments using dATP and Klenow enzyme, as tabulated below. Incubate at 37 °C for 30 min. 8| Clean up the reaction using the Qiagen MinElute PCR cleanup kit according to the manufacturer's instructions and elute in 10 µl of elution buffer.  crItIcal step The adapter amount listed above is used for an initial DNA amount of 5 µg; if the starting DNA material is less, reduce the adapter amount correspondingly.
9|
10|
Remove excess adapters by using AmpureXP beads. Mix 50 µl of ligation mixture with 65 µl of AmpureXP beads and pipette up and down more than 20 times.
11|
Incubate the beads and ligation mixture for 10 min and place the tubes on magnets for 5 min until all the beads are attached to the magnets.
12|
Remove the clear supernatant and wash the beads with 70% (vol/vol) ethanol twice without disturbing the beads on the magnet.  crItIcal step Do not perturb the beads on the magnet; if you do, it may reduce the recovery efficiency.
13|
Remove the 70% (vol/vol) ethanol carefully. Take the tubes containing the beads off the magnets and spin briefly in a minicentrifuge.
14|
Put the tubes containing the beads back onto the magnets again for 1-2 min until all the beads migrate to the wall of the tube.
15|
Remove residual ethanol carefully using P20 pipette tips and dry the beads at room temperature for < 3 min.
16|
Remove the tubes containing the beads from the magnets, resuspend the beads in 20 µl of TE buffer, soak them for 2 min and resuspend by vigorously pipetting more than 20 times.
17|
Incubate the beads at room temperature for 5 min and then apply them to the magnets again for 3 min.
18|
Carefully transfer the clear supernatant to another clean tube.
19|
Measure DNA concentration by NanoDrop or Qubit.  pause poInt DNA can be stored at − 20 °C for months.
20|
Perform bisulfite conversion using the MethylCode conversion kit according to the manufacturer's instructions. Use < 500 ng of DNA in each reaction; for example, use three separate reactions of 500 ng each to bisulfite-treat a total of 1.5 µg of DNA.  crItIcal step DNA input amount for each bisulfite conversion reaction should be < 500 ng in order to yield maximal conversion efficiency (> 99%).
? troublesHootInG 21| Measure the concentration of the bisulfite-converted DNA using a NanoDrop instrument and the RNA measurement program.
22| Use 1 µg of bisulfite-converted DNA to perform CMS-IP. Retain 10 ng of DNA as input control; dilute the remaining 990 ng of DNA in 30 µl of TE buffer and denature by adding 20 µl of NaOH/EDTA buffer and then incubating at 95 °C for 12 min in the thermocycler.  crItIcal step DNA input amount can be reduced to 500 ng if the starting material is limited.
23|
Chill 2 M ammonium acetate (pH 7.0) on ice for 10-20 min.
24|
Immediately put the denatured, heated DNA into an ice slurry for 10 min.
25| Add 50 µl of chilled 2 M ammonium acetate and incubate for 10 min on ice.
26| Add 349 µl of TE buffer, 50 µl of 10× IP buffer and 1 µl of CMS-specific antiserum and incubate at 4 °C for 2 h.
27|
For each reaction, preincubate 30 µl of protein G beads with PBS-BSA for 10 min, spin the beads down and resuspend in 30 µl of 1× IP buffer (repeat this procedure twice).
28|
Add the DNA and antibody mixture from Step 26 to the beads and incubate at 4 °C for 2 h or overnight.  crItIcal step Our original experiments were performed using protein G beads alone; however, as protein A and protein G bind to distinct antibody isotypes, a mixture of protein A and protein G magnetic beads is likely to increase IP efficiency.  crItIcal step The ratio of the amount of CMS-specific antiserum to protein G beads is extremely important. Higher serum to beads ratio yields lower IP efficiency, as excess antibody-DNA fragment complexes will not be able to bind to the beads and will be washed away. The conditions listed are optimized for serum produced in our laboratory. For optimizing IP conditions for other antisera, please see box 1.
29| Put the IP mixture on a magnet for 3 min and then remove the clear supernatant carefully.
30|
Add 600 µl of 1× IP buffer to the beads and rotate at 4 °C for 5 min.
31|
Put the IP mixture on the magnet and then remove the supernatant carefully.
32|
Repeat Steps 30 and 31 two more times.
33|
Resuspend the beads in 250 µl of proteinase K digestion buffer with 0.3 mg ml − 1 of proteinase K and incubate at 55 °C for 3 h or overnight with vigorous shaking (1,000 r.p.m.) in a thermomixer.
34|
Briefly centrifuge the bead-containing tube using a microcentrifuge and place the tube on the magnets for 3 min.
35|
Transfer the clear supernatant to another clean 1.5-ml microtube.
36|
Remove the bead-containing tube from magnets and resuspend in 250 µl of proteinase K digestion buffer. Incubate at 55 °C for 15 min with vigorous shaking (1,000 r.p.m.) in a thermomixer. 45| Dry the DNA pellet at room temperature for < 5 min.
46|
Resuspend the DNA pellet in 10 µl of nuclease-free water.  pause poInt DNA can be stored at − 20 °C for months.
47|
Use half the amount of DNA from the input and the IP for each PCR in PCR tubes. The PCR conditions are listed below. 
50|
Load the library on an Illumina HiSeq instrument for next-generation sequencing.
? troublesHootInG Troubleshooting advice can be found in table 2.
• tIMInG antIcIpateD results Five micrograms of DNA are used for each IP. After bisulfite treatment, ~1 µg of DNA can be recovered. After CMS-IP and PCR amplification, ~20 ng of libraries in 20 µl of nuclease-free water will be obtained for next-generation sequencing. The pattern of enrichment for 5hmC will vary depending on the species and sources of the DNA. Between 10 and 50 million reads will probably be necessary to reach saturation and to define all 5hmC-enriched regions 27 . 
